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A b s t r a c t I n t r o d u c t i o n
Gas t u r b i n e engine i n l e t parameters r e f l e c t The emission l e v e l s from a gas t u r b i n e combust o r are influenced by ambient c o n d i t i o n s as w e l l as by i n t e r n a l c h a r a c t e r i s t i c s which i n c l u d e t h e spray v a p o r i z a t i o n , t h e m i x i n g of t h e fuel and a i r and t h e can aerodynam'cs A s e r i e s of experiments a t u r e o s c i l l a t i o n s from 200°F t o 28OOOF w i t h i n t h e combustor. These r e s u l t s suggest a l a c k Of p e r f e c t m i x i n g i n t h e combustor and hence Sign i f i c a n t v a r i a t i o n o f t h e l o c a l f u e l -a i r r a t i o s . The experimental p a r t o f t h e work o u t l i n e d here c o n s i s t s of a study o f t h e m i x i n g process as r ef l e c t e d i n t h e l o c a l f u e l -a i r r a t i o .
The e f f e c t s of ambient c o n d i t i o n s and t h e spray p r o p e r t i e s on t h e emissions were s t u d i e d w i t h a s t i r r e d r e a c t o r model. Osgerby2 has categorized c u r r e n t models of gas t u r b i n e combustors as t u r b ul e n t flame speed models, microvolume burning models o r s t i r r e d r e a c t o r models. Only t h e s t i r r e d react o r models a r e capable of p r e d i c t i n g gross o p e r a t i n g c h a r a c t e r i s t i c s . S o p h i s t i c a t e d computer programs a r e a v a i l a b l e which model t h e i n t e r n a l f l o w -f i e l d , t h e e f f e c t s of turbulence and j e t p e n e t r a t i o n , and t h e dynamics of t h e v a p o r i z i n g f u e l spray coupled w i t h k i n e t i c schemes o f d i f f e r i n g complexity3.4. These models a r e intended t o a i d i n t h e design process r a t h e r than t o p r e d i c t p o l l u t a n t l e v e l s i n W

Nomenclature t h e exhaust. S t i r r e d r e a c t o r models a l l o w f o r d e t a i l e d k i n e t i c schemes w i t h o u t making t h e numerc
s p e c i f i c heat o f gas i c a l c a l c u l a t i o n s i n t r a c t a b l e . The choice of reac-CD drag c o e f f i c i e n t t o r volumes can be made a t various l e v e l s of comg g r a v i t a t i o n a l a c c e l e r a t i o n p l e x i t y . The s t i r r e d r e a c t o r model described here k thermal c o n d u c t i v i t y of gas was kept s t r a i g h t f o r w a r d so t h a t the e f f e c t of L l a t e n t heat of v a p o r i z a t i o n ambient c o n d i t i o n s and spray p r o p e r t i e s c o u l d be fif forced v a p o r i z a t i o n r a t e seen e a s i l y . This model combines f i n i t e -r a t e vaporfi, s t a t i c v a p o r i z a t i o n r a t e i z a t i o n o f t h e f u e l spray w i t h f i n i t e r a t e chemistry P r P r a n d t l number t o generate c o n s i s t e n t temperatures and emissions Q heat of combustion w i t h o u t r e q u i r i n g l a r g e execution times. Re Reynolds number r f u e l -a i r r a t i o t time Experimental Program Va a i r v e l o c i t y Vf f u e l drop v e l o c i t y Test Apparatus Vrel r e l a t i v e v e l o c i t y Yo oxygen concentration The experimental measurements were made i n t h e AP pressure drop across can t e s t r i g shown i n F i g . 1 which a c c u r a t e l y simulates APN pressure drop across n o z z l e i d l e c o n d i t i o n s f o r a s i n g l e JT80-17 combustor can. AT difference between gas temperature and f u e l The r e l e v a n t parameters are: 6 = 3.0 lbmlsec, P = 2 . 5 atm, T = 250°F, and f u e l -a i r r a t i o = ,0117. changes i n l o c a l atmospheric c o n d i t i o n s . The p o ll u t a n t emissions f o r t h e engine r e f l e c t s these changes. I n attempting t o model t h e effect of t h e changing ambient c o n d i t i o n s on t h e emissions i t was found t h a t these emissions e x h i b i t e d an extreme s e n s i t i v i t y t o some o f t h e d e t a i l s of t h e combustion process such as t h e l o c a l f u e l -a i r r a t i o and t h e s i z e o f t h e drops i n t h e f u e l spray. F u e l -a i r r a t i o s have been mapped under nonburning c o n d i t i o n s u s i n g a s i n g l e JT8D-17 combustion can a t simulated i d l e conditions, and s i g n i f i c a n t v a r i a t i o n s i n t h e l o c a l values have been found. Modelling o f t h e combustor employs a combination of p e r f e c t l y s t i r r e d and p l u g flow r e a c t o r s i n c l u d i n g a f i n i t e r a t e v a p o r i z a t i o n treatment of t h e fuel spray. Results show t h a t a small increase i n t h e mean drop s i z e can l e a d t o a l a r g e increase i n hydrocarbon emissions and decreasing t h e value of t h e CO-OH r a t e constant can l e a d t o l a r g e increases i n t h e carbon monoxide emissions. These emissions may a l s o be affected by t h e spray c h a r a c t e r i s t i c s w i t h l a r g e r drops r e t a r di n g t h e combustion process. monoxide, and oxides o f n i t r o g e n emissions calcul a t e d using t h e model a c c u r a t e l y r e f l e c t measured emission v a r i a t i o n s caused by changing engine i n l e t 
The sampling system consists of a heated fourp o r t probe and a p o r t selector. The four p o r t s are located a t r a d i a l distances o f R = .25, 1.0, 2.0, dnd 3.0 in. from t h e center l i n e w i t h t h e f i r s t bei n g designated as R = 0. The probe may be transl a t e d i n the z d i r e c t i o n along t h e axis o f the combustor can and i n t h e 8 d i r e c t i o n sweeping o u t each combustor plane. was.measured using a S c o t t Flame I o n i z a t i o n Detector, FID, o r a Lambda Scan Equivalence R a t i o Meter. The FID measured unburned hydrocarbons i n a sample, and since hydrocarbons and a i r are the o n l y c o n s t i t uents, t h e f u e l -a i r r a t i o i s e a s i l y calculated. The F I D i s only capable though o f measuring a maximum o f 100.000 o m o f hvdrocarbons. The Equivalence
As v e r i f i e d by The f u e l -a i r r a t i o of the sample Ratio Meter'was t h i s acquired so t h a t measurements could be made w e l l i n t o the primary zone, where there i s a higher concentration of fuel. I t s opera t i o n i s based on t h e measurement o f residual oxygen concentration a f t e r a Sam l e has been mixed w i t h a d d i t i o n a l a i r and burned .
Testing Methodology
The a i r and f u e l flows were s e t and t h e probe was placed a t a desired a x i a l combustor l o c a t i o n w i t h t h e e x i t olane beino considered as t h e o o i n t of o r i g i n . Measirements we; e then made f o r each of the four r a d i i a t every 10' around t h e plane. The r e l at i o n s h i p between t h e sampling l o c a t i o n s and the combustor geometry i s given i n Fig. 2 .
Experimental Results
Figs. 3 t o 11. I n t h e f i r s t t h r e e figures the value
o f the f u e l -a i r r a t i o i s given f o r t h e e x i t , 7 i n . and 11 i n . planes. f o r a l l f o u r r a d i i . and f o r a l l Representative f u e l -a i r r a t i o data i s shown i n angular p o s i t i o n s : A t the e x i t plane.the f u e l -a i r r a t i o v a r i a t i o n i s minimal as of course i s demanded by t u r b i n e i n l e t temperature u n i f o r m i t y considerat i o n s . However, as one moves upstream v a r i a t i o n s i n the f u e l -a i r r a t i o becomes more severe even though t h e 7 i n . plane i s upstream of a major a i r i n l e t l o c a t i o n . Generally speaking, as one would expect, t h e v a r i a t i o n s are l e a s t f o r small r a d i i . The l a c k o f c y l i n d r i c a l symmetry i s perhaps somewhat s u r p r i s i n g w i t h v a r i a t i o n s i n t h e f u e l -a i r r a t i o o f as much as 100% f o r a 10" azimuthal change. This effect i s perhaps most c l e a r l y shown i n the next two a t 5 i n . and 9 i n . planes, Figs. 6 and 7 , where t h e f u e l -a i r r a t i o has been averaged over the d i fferent r a d i i . If t h i s type of p l o t i s examined f o r a l l planes one finds, f o r example, a consistent fuel d e f i c i t i n t h e v i c i n i t y of 100" and a f u e l surplus i n t h e v i c i n i t y of 300'. I n t e r p o l a t i o n o f t h e data f o r an e n t i r e plane gives r e s u l t s such as i n Figs. 8 t o 11. The height o f the p l o t ( a t Dresent unscaled) sives t h e f u e l -a i r r a t i o and the azimuthal as w e l i a s t h e p o l a r perspective i s i n d i -
cated. r a t i o v a r i a t i o n w i t h perhaps a somewhat s u r p r i s i n g
These p l o t s e f f e c t i v e l y show t h e f u e l -a i r uniform region near t h e edge. quantized t o some e x t e n t as i n Table I . For each plane t h e average value of t h e f u e l -a i r r a t i o has been c a l c u l a t e d as w e l l as t h e standard deviation.
If t h e standard d e v i a t i o n i s n o n a l i z e d as i n the l a s t column, a meaningful comparison between planes i s p o s s i b l e i n t h a t a l a r g e value o f t h i s q u a n t i t y i n d i c a t e s l a r g e r v a r i a t i o n s i n t h e f u e l -a i r r a t i o . 
The data may be
The three planes w i t h the smallest values are t h e e x i t and t h e planes between d i l u t i o n p o r t s B and C on F i g . 2. The l a r g e s t values o f t h e parameter occur f o r planes located downstream o f major d i l u -
A n a l y t i c a l E f f o r t Emission Data
The goal o f the a n a l y t i c a l p o r t i o n o f t h i s study i s t o p r e d i c t emission l e v e l s of hydrocarbons v (HC), carbon monoxide (CO), and oxides o f n i t r o g e n (NOx) a s a function o f changing ambient conditions for a JT80-17 operating a t i d l e t h r u s t . emission data p r e v i o u s l y obtained by Kauffman e t a1.6 i s given i n Table I 1 f o r a h o t , dry day (120°F, 0% r e l a t i v e humidity), f o r a h o t wet day (120°F, 100% r e l a t i v e humidity), and a cold, dry day (-2O"F, 0% r e l a t i v e humidity). hydrocarbon and carbon monoxide emission index i n - The combustor i n l e t a i r flow i s l a r g e s t on t h e Because c o l d d r y day and l e a s t on the hot wet day. the f u e l -a i r r a t i o i s a constant, the f u e l f l o w r a t e has the same trend. I f t h e p r i m a r y fuel nozzle alone i s operating, a higher fuel flow r a t e i s t h e r e s u l t o f a l a r g e r pressure drop across the nozzle which leads t o improved atomization of the f u e l , i . e . a smaller Sauter Mean Qiameter (SMD). i s thus expected t o be l a r g e s t on the h o t wet day and smallest on t h e c o l d d r y day. Fuel flow i n both the primary and secondary nozzle i s more d i f f ic u l t t o characterize, so the bulk o f the a n a l y t i c a l work has been done f o r a pressure r a t i o of two, as here o n l y t h e primary nozzle was i n operation. 
Vaporization Model
Hydrocarbon emissions may be c a l c u l a t e d by cons i d e r i n g the vaporization of fuel drops as they pass through a high temperature environment matching t h a t w i t h i n a combustor. of a fuel spray was c a r e f u l l y d e t a i l e d by
l a t i v e d l o c i t y o f course decreases due t o drag forces on t h e drop and i s given by The sDrav i s modelled as a Rosin-Ramnler d i st r i b u t i o n , ' b h t h e exact d i s t r i b u t i o n could be used if a v a i l a b l e . The s i z e range i s divided i n t o 21 groups each represented by i t s median diameter.
The vaporization r a t e i s computed f o r each group and i s assumed t o be constant f o r 0.1 ms. The Dert i n e n t v a r i a b l e s i n t h e vaporization equations a r e then updated. residence time p e r i o d i n a p a r t i c u l a r combustor This process i s continued f o r the zone o r u n t i l a l l t h e mass i n t h e p a r t i c u l a r s i z e group has been vaporized. t h e spray i s considered t o be a v a i l a b l e f o r t h e combustion process.
carbon emissions when proper conditions w i t h i n each combustor zone are specified. e f f e c t o f residence time on emissions from a primary zone i s shown i n Fig. 12 . As expected a smaller residence time o r l a r g e r SMD leads t o increased emissions. i s i n good agreement w i t h hydrocarbon emission data obtained by BuchheimB, Fig. 13 shows t h e e f f e c t o f ambient conditions on hydrocarbon emissions. r e a l i s t i c SMD's a r e estimated as i n d i c a t e d on t h e drawing t h e hydrocarbon emissions follow t h e t r e n d i n Table 11 .
Brag!? Combustor
The Bragg combustor i s a gas phase o n l y simulat i o n of a gas t u r b i n e combustor using i d e a l i z e d
reactors. The primary zone i s represented by a perf e c t l y s t i r r e d r e a c t o r (PSR) and t h e secondary and d i l u t i o n zones a r e represented by p l u g flow reactors (PFR). are allowed accounting f o r primary zone r e c i r c u l at i o n w h i l e i n t h e PFR o n l y l a t e r a l mixing i s a l l o wed. A f u l l k i n e t i c scheme i s employed i n order t o p r e d i c t t h e carbon monoxide and oxides o f n i t r o g e n emissions.
There are of course p r a c t i c a l l y no hydrocarbon emissions. The computational code upon which t h e model i s based, CREK was o r i g i n a l l y developed by P r a t t and Worrneckg. t o r volumes are given i n Fig. 14. This simulates t h e JT8D-17 a t i d l e . The fuel i s prevaporized and introduced i n t h e primary zone. I n i t i a l runs w i t h t h i s model employing r e a c t i o n s 1-17 o f t h e k i n e t i c scheme i n Table I 1 1 gave u n r e a l i s t i c a l l y low carbon L monoxide emissions. The data i n Fig. 15 shows how t h e predlcted carbon monoxide index depends upon t h e r a t e constant f o r r e a c t i o n 2 (CO t OH = CO2 t H).
The vaporized p a r t o f The vaporization model gives r e a l i s t i c hydroFor example t h e "
The emission s e n s i t i v i t y t o drop s i z e I f I n t h e PSR both a x i a l and l a t e r a l mixing 
t i o n 1 was found t o have l i t t l e e f f e c t on
i n c r e a s i n g t h e carbon monoxide emissions. As Table I V shows, t h e Bragg combustor i s capable of p r e d i c t i n g some r e s u l t s which a r e of t h e proper magnitude and trends even a t h i g h power conditions. As t h e measured emission i n d i c e s a r e of t h e order of 10 t o 100 a pre-exponential r a t e constant o f 105.65 was employed i n f u r t h e r c a l c u l a t i o n s .
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constant i s lower than t h e values a v a i l a b l e i n t h e l i t e r a t u r e . I t i s a l s o known t h a t carbon monoxide emissions a r e c o n t r o l l e d by t h e o x i d a t i o n r a t e i n t h e secondary and d i l u t i o n zones r a t h e r than by the
production r a t e i n t h e primary zone. As might be expected, an increase i n t h e r a t e constant f o r Coupled Model I n t h i s model v a p o r i z a t i o n and k i n e t i c s have been combined. The amount o f v a p o r i z a t i o n o f t h e fuel drops determines t h e f u e l -a i r r a t i o and thus the temperature which then determines the amount o f drop v a p o r i z a t i o n . t h e coupled model, based upon temperature, i s shown i n Fig. 16 . The p r e v i o u s l y described computational schemes a r e employed f o r the v a p o r i z a t i o n and k i n e t i c c a l c u l a t i o n s . the Bragg combustor r e s u l t s a r e reproduced.
For t h e JT8D-17 t h e compressor discharge condit i o n s f o r d i f f e r e n t engine i n l e t c o n d i t i o n s may be a c c u r a t e l y c a l c u l a t e d and the a i r d i s t r i b u t i o n patt e r n f o r t h e combustor has been a c c u r a t e l y measured. However, data r e l a t i n g t o the fuel spray characteri s t i c s i s n o t extensive. Hence, i t has been necessary t o conduct the c a l c u l a t i o n s t r e a t i n g t h e SMD as a v a r i a b l e . The SMO's may then be estimated using an appropriate r e l a t i o n s h i p . 
As increasinq t h e SMD decreases t h e r a t e o f vapor-
The n i t r i c 120 OEG.
i z a t i o n , the-primary zone i s d r i v e n toward s t o i c h i o -
c l e a r l y leading t o an increase i n t h e n i t r i c oxide and u l t i m a t e l y t o a d d i t i o n a l carbon monoxide. Such a t r e n d has been experimentally measured by Buchheims f o r t h e regenerated automotive gas t u r b i n e 
o f 0.011 again using reactions R1 through R17. I n t h i s s i t u a t i o n t h e primary zone i s near s t o i c h i o m e t r i c and t h e e f f e c t o f retarded vaporization i s t o make i t l e a n e r thus decreasing t h e flame temperature. emissions a r e thereby lowered and t h e carbon mon- 
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SNO Figure 19. N i t r i c Oxide Emisssions -17
Step Scheme, .015 Fuel-Air R a t i o
As t h e experimental data showed t h a t a considerable q u a n t i t y of n i t r o g e n d i o x i d e was present i n the oxides o f n i t r o g e n t h e k i n e t i c scheme was expanded i n an attempt account f o r i t s production. 
i t r o g e n emission i n d i c e s show t h e proper t r e n d w i t h ambient c o n d i t i o n s (when a p p r o p r i a t e SMO's a r e used) w h i l e t h e carbon monoxide i s again t o o low on t h e h o t wet day.
I f t h e c a l c u l a t i o n s a r e extended t o l a m e r SMD' s the coupled model p r e d i c t s an abrupt increase i n t h e carbon monoxide emission index as seen i n F i g . 26. This corresponds t o t h e e x t i n c t i o n o f t h e flame i n t h e secondary zone because o f t h e f a i l u r e o f t h e drops t o evaporate. The i t e r a t i v e scheme converges t o a nonburning s o l u t i o n . Although t h e change occurs q u i t e r a p i d l y w i t h SMD t h e a d d i t i o n of inhomogenities w i t h i n t h e combustor would produce a lesser g r a d i e n t as shown i n Buccheim's ments.
measure-
Under leaner c o n d i t i o n s o f a f u e l -a i r r a t i o o f 0.007 t h e PSR i n t h e Coupled model does n o t i g n i t e f o r t h e c o l d and wet days unless smaller drops a r e chosen o r t h e r a t e constant R1 i s increased. The slow r a t e o f vaporization lowers t h e PSR equivalence r a t i o below t h e flammability l i m i t . If t h e primary zone i s modelled as a smaller PSR followed by a PFR t h e t o t a l volumes of which equal t h e o r i g i n a l PSR, as t h e PSR volume i s decreased i g n i t i o n w i l l occur.
However, a t present emissions computed under these conditions do n o t r e f l e c t t h e experimental data.
L i n e r Model
The carbon monoxide concentration i n an a c t u a l combustor i s observed t o peak i n t h e w a l l r e g i o n as f o r example shown by t h e measurements of WolterslO. 
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F i g u r e 21. Carbon Monoxide Emissions -17
Step Scheme, ,011 F u e l -A i r R a t i o 
20.
40.
60. 80. 100. 120.
Silo 5MO
F i g u r e 25. NOx Emissions - 22 Step Scheme .015 F u e l -A i r R a t i o Large Fuel Drops l a r g e r and i n b e t t e r agreement w i t h t h a t i n t h e l i t e r a t u r e . The coupled model has been m o d i f i e d t o a l l o w t h e PSR exhaust t o feed i n t o a t h i n l e a n l i n e r r e g i o n and a l a r g e r i c h e r c o r e region. present the PSR exhaust diversion, t h e secondary and d i l u t i o n a i r diversion, and t h e l i n e r and core react o r volumes a r e i n p u t t o t h e model. These q u a n t it i e s a r e c l e a r l y r e l a t e d t o can aerodynamics. Reasonable estimates f o r these q u a n t i t i e s do, however, y i e l d r e a l i s t i c l e v e l s o f carbon monoxide as shown i n Table V.   TABLE V 
Conclusions
Measurements of t h e l o c a l f u e l -a i r r a t i o s w i t hi n a JT8D-17 combustor can show a high degree o f non-uniformity which c o u l d a f f e c t t h e emissions s i gn i f i c a n t l y . The magnitudes and trends of emissions w i t h v a r y i n g ambient c o n d i t i o n s have been reasonably p r e d i c t e d using a f i n i t e v a p o r i z a t i o n r a t e s t i r r e d r e a c t o r model. The model shows t h a t t h e fuel spray c h a r a c t e r i s t i c s s i g n i f i c a n t l y a f f e c t the emissions. B e t t e r experimertal data i s r e q u i r e d r e l a t i n g t o t h e spray c h a r a c t e r i z a t i o n , combustor can aerodynamics, and t h e behavior o f t h e primary zone under lean combustion conditions. v The authors would l i k e t o express t h e i r apprec i a t i o n t o N. Marchionna The e f f o r t s o f J . D r a x l e r i n o b t a i n i n g the experimental data were a l s o s i g n i f i c a n t .
